Plant trichomes constitute a first line of defence against insect herbivores. The pre-and post-ingestive defensive functions of glandular trichomes are well documented and include direct toxicity, adhesion, antinutrition and defence gene induction. By contrast, the defensive functions of non-glandular trichomes are less well characterized, although these structures are thought to serve as physical barriers that impede herbivore feeding and movement. We experimentally varied the density of stellate non-glandular trichomes in several ways to explore their pre-and post-ingestive effects on herbivores. Larvae of Manduca sexta (Sphingidae) initiated feeding faster and gained more weight on Solanum carolinense (Solanaceae) leaves having lower trichome densities (or experimentally removed trichomes) than on leaves having higher trichome densities. Adding trichomes to artificial diet also deterred feeding and adversely affected caterpillar growth relative to controls. Scanning electron and light microscopy revealed that the ingestion of stellate trichomes by M. sexta caterpillars caused extensive damage to the peritrophic membrane, a gut lining that is essential to digestion and pathogen isolation. These findings suggest that, in addition to acting as a physical barrier to deter feeding, trichomes can inhibit caterpillar growth and development via post-ingestive effects.
Introduction
Trichomes act as a first line of plant defence that can deter herbivory even prior to the initiation of feeding. For example, glandular trichomes may secrete toxic or sticky substances when disturbed by herbivores [1] [2] [3] and can also serve as triggers for the activation of defence signalling pathways [4] . By contrast, non-glandular trichomes are thought to enhance plant defence through primarily physical means such as inhibiting herbivore movement and limiting access to leaf or stem tissues [5] , while also contributing to non-defence functions such as UV protection and gas exchange [6] . In horsenettle (Solanaceae: Solanum carolinense), non-glandular trichomes were shown to reduce leafminer damage (Tildenia inconspicuella (Murtfeldt) (Lepidoptera: Gelechiidae) by preventing larvae from penetrating the leaf epidermis and forming feeding mines [7] . Other studies suggest that non-glandular trichomes can reduce the feeding efficiency of a range of insect herbivores [8] [9] [10] and prolong the duration of developmental periods during which herbivores are vulnerable to predation and environmental stress [11] . However, the specific mechanisms by which non-glandular trichomes deter herbivory are not always clear, as their effects on herbivores can be difficult to disentangle from those of other co-occurring plant defence traits.
In addition to acting as an obstacle to feeding, trichomes may damage herbivores that consume them. Ingestion of trichomes by chewing herbivores is common, and & 2017 The Author(s) Published by the Royal Society. All rights reserved. many species have evolved the strategy of 'mowing' trichomes to gain access to underlying tissues [9, 12] . Previous work has shown that the ingestion of glandular trichomes can harm herbivores [13] , for example, via direct toxicity of gland contents [14] or, in one instance, by making caterpillars more attractive to predatory ants [15] . To our knowledge, no previous work has focused explicitly on the post-ingestive effects of non-glandular trichomes on herbivores, although these trichomes often feature sharp, rigid spikes, some reinforced with silica [16] , that might be expected to damage herbivore digestive tracts. In particular, ingested trichomes might be expected to damage the peritrophic matrix (PM), a protective sheath that lines the guts of most insects and which serves to prevent mechanical damage to the gut epithelium, inhibit pathogen invasion and assist in digestion and nutrient absorption [17, 18] . Disruption of the PM by plant defence proteins (e.g. maize insect resistant 1-cysteine protease toxin [19, 20] ) or by pathogens has previously been shown to have adverse consequences on insect growth and development [17, 20, 21] .
This study explores pre-and post-ingestive effects of the non-glandular trichomes of horsenettle plants (S. carolinense) on Manduca sexta caterpillars, which are specialist herbivores of Solanaceae. Horsenettle plants exhibit a single type of stellate non-glandular trichome, characterized by a star-like whorl of spines around a primary vertical spike ( [22] ; electronic supplementary material, figure S1 ). In previous work, we have found that inbreeding leads to a significant decrease in trichome density in this species (i.e. in selfed versus outcrossed progeny of a given maternal plant) [22] . Furthermore, inbred plants are far less resistant to herbivore feeding [23, 24] . However, because inbreeding in S. carolinense has adverse effects on a wide range of physical and chemical plant defences [22] [23] [24] [25] [26] [27] , previous work has not determined the extent to which the decreased resistance of inbred horsenettle plants to herbivory was caused by the observed effects of inbreeding on trichomes.
The goals of this study were to investigate the specific effects of S. carolinense trichomes on herbivores and, in particular, to test the hypothesis that the ingestion of trichomes by feeding caterpillars might result in damage to the gut PM. To achieve these goals, we manipulated caterpillar exposure to trichomes in three ways, including (i) via plant breeding (i.e. comparing inbred versus outbred progeny as in our previous studies), (ii) by physically removing trichomes (comparing 'shaved' versus intact leaves) and (iii) by adding trichomes collected from leaves to artificial diet (comparing diet with and without trichomes). We then assessed differences in caterpillar behaviour and performance across these treatments, as well as damage inflicted on the PM of feeding caterpillars (via scanning electron and light microscopy of excised tissues). Finally, we assessed PM damage in M. sexta caterpillars fed on two additional Solanaceae species that differ in their trichome profiles: Solanum eleaegnifolium, which produces non-glandular stellate trichomes similar to those of S. carolinense, and Nicotiana tabacum, which primarily produces glandular trichomes.
Material and methods (a) Study organisms (i) Solanum carolinense
Horsenettle (S. carolinense L.) is a perennial weed native to Eastern North America that inhabits early successional habitats [28] . In the field, horsenettle is attacked by a variety of herbivores, many of which also attack closely related crops in the genus Solanum, such as tomato and potato [28] . Previous work has documented a range of anti-herbivore defences in this species, including biochemical defences [27] , volatiles [25, 26] and structural defences, such as trichomes and spines [22] .
This study employed multiple vegetatively produced ramets of 18 different horsenettle genotypes, representing three inbred (selfed) and three outbred progeny from each of three different maternal families (designated B1, A6 and C10). The maternal plants were randomly selected from a population of 16 genotypes originally collected from a natural population near State College, Pennsylvania, USA. Ramets were created from each of these 16 plants by cutting the horizontal root into five or six pieces of similar size (5 cm). These cuttings were grown in 4 l pots in an insect-free greenhouse. Forty flowers produced on one ramet from each of the original 16 field-collected plants were outcrossed, and 40 flowers from a second ramet were self-pollinated (see [24 -26,29] for detailed methods). Seeds from these pollinations were germinated and grown in an insect-free greenhouse, and ramets were created from each of the 18 plants used in this study by cutting the horizontal roots into 5 cm segments (as above) after 12 weeks. The cuttings were grown in flat beds in a growth chamber (16 L : 8 D; day/ night temperatures 25/228C; 65% relative humidity) and lightly watered each day. After two weeks, re-sprouted ramets were transplanted to 10 cm tall, 600 ml pots and watered daily. Care was taken to ensure that the leaf area, size, height and growth stage of the plants used in the experiment were similar ( plants used in all experiments were about six weeks old and none had yet flowered).
(ii) Solanum elaeagnifolium Solanum elaeagnifolium Cav. (silverleaf nightshade) is another herbaceous perennial weed native to South and Central America and the southwestern USA [30] . The species is highly invasive in many parts of the world, including the Mediterranean region [31] . The genotypes used in this study were derived from a highly invasive population in Thessaloniki (Greece). Ten fruits (randomly selected) produced on each of 10 genets spaced 10 m apart were collected, and seeds were extracted and pooled together by genet. These seeds were germinated and grown in an insect-free greenhouse and transplanted into 2 l pots. Six weeks after transplanting, seedlings with 8 -10 fully developed leaves were used for the biological assays.
(iii) Nicotiana tabacum
Nicotiana tabacum seeds, generously donated by the Zurich Botanischer Garten (Zurich, Switzerland), were germinated and grown under similar conditions as S. elaeagnifolium. Twenty days after germination, seedlings were transplanted into 2 l pots and experiments were conducted three weeks after transplanting.
(iv) Manduca sexta
Manduca sexta commonly feeds on S. carolinense in the field [32] , and can successfully complete its life cycle on each of the plant species used in this study [15, 33] . Manduca sexta eggs were bought from a commercial vendor (Carolina Biological Supply, NC, USA) and from a colony maintained by Max Plank Institute for Chemical Ecology (Jena, Germany) and were hatched in Petri dishes ( To document M. sexta feeding efficiency and growth on inbred and outbred horsenettle plants, 24 newly hatched first-instar larvae were weighed and placed individually onto fully developed young leaves (one larva per plant). Six-week-old plants with six to eight fully developed leaves were used for this experiment. A stopwatch was used to record the time between placement of the larvae and first visual sign of leaf ingestion (indicated by the presence of a small hole on the leaf and a green food bolus inside the caterpillar). Caterpillars were then allowed to feed uninterrupted for 3 days, after which they were removed and weighed to determine relative weight gain according to the following equation:
To quantify differences in trichome numbers on inbred and outbred plants, a circular disc (1 cm diameter) was excised from each leaf where the caterpillars started to feed, and trichome density was quantified using previously reported methods (for details, see [22] ).
(ii) No-choice growth assays with 'shaved' and control leaves For this assay, trichomes were completely removed (shaved) from half the leaves of 15 inbred and 15 outbred plants using a twin-blade razor, while the remaining (control) leaves were left unshaved. Complete trichome removal was verified by light microscopy. Leaf discs of 4 cm diameter were then excised from each leaf with a modified bottle cap. The size of the discs ensured that sufficient plant tissue was available throughout the duration of the feeding assay (3 days). The leaf discs were placed in Petri dishes with moist filter paper and presented to pre-weighed first-instar caterpillars (n ¼ 15 per treatment). After 3 days of feeding, caterpillars were removed and weighed again to calculate relative weight gain as described above.
(iii) No-choice feeding and growth assays with artificial diet To further explore how caterpillar feeding is affected by trichomes, abaxial and adaxial trichomes from 10 fully developed leaves (one each from five inbred and five outbred genets, randomly selected) were shaved as above. Shaved trichomes were carefully added to approximately 100 ml distilled water and mixed with 100 g of caterpillar diet powder (Cookie-dough diet, Educational research company, NE, USA). After solidifying, excess portions of diet (roughly 5 g) were parceled onto a Petri dish with moist filter paper. Control diet was prepared in similar fashion but without trichomes. Newly hatched first-instar larvae (n ¼ 35 per treatment) were weighed and placed directly on the diet pellet (trichomes added or control; no choice test) and allowed to feed for 3 consecutive days. Data on the position of larvae (on the pellet versus away from the pellet) were collected at 1, 6 and 24 h after the start of the experiment. After 3 days, caterpillars were removed and weighed to calculate relative weight gain (as above).
(iv) Dual-choice assays with artificial diet
To test whether caterpillars prefer the trichome-added diet or control diet, we conducted a choice assay with newly hatched first-instar larvae (n ¼ 35). Diet pellets with and without trichomes (as above) were placed 3 cm apart on moist filter paper in a Petri dish. First-instar caterpillars were placed 3 cm away from the centre of the two pellets, and both their initial feeding choice and position after 24 h were recorded.
(v) Scanning electron microscopy of frass and peritrophic matrix from plant-and diet-fed caterpillars
To examine the effects of trichomes on the caterpillar PM, three third-instar caterpillars were randomly selected from a pool of 15 caterpillars reared on inbred and outbred horsenettle leaves (which, as discussed above, exhibit consistent differences in trichome density). Caterpillars grown on the artificial diet were used as controls. To collect PM, caterpillars were immobilized on ice and dissected in a water bath using a dissecting microscope. The gut was removed and gently teased open with fine forceps [20] . For frass samples, three frass pellets per caterpillar were randomly chosen from the same 15 caterpillars used for collecting PM. Both PM and frass pellets were removed and fixed overnight at 48C in a 25% gluteraldehyde solution. For scanning electron microscopy, tissue was dried through a series of ethanol washes of increasing concentration followed by critical point drying then mounted on aluminium stubs using carbon tape.
Mounted stubs were coated with gold -palladium at 2.5 kV and examined by using a Cambridge S360 scanning electron microscope (Huck Institutes of Life Sciences, Microscopy Core Facility, The Pennsylvania State University, USA). While other bioassays employed first-instar caterpillars, third-instar caterpillars were used for SEM (and light) microscopy due to difficulties associated with dissecting PM intact from smaller first instars.
(vi) Light microscopy of PM from plant-and diet-fed caterpillars
To confirm that the observed PM damage was not merely an artefact of the SEM preparation protocol (which involved dehydration rinses and critical point drying), PM from six caterpillars (three feeding on inbred plants and three on outbred plants) were dissected and imaged using an Olympus SZX 10 light microscope. The PM was then viewed and photographed using a Leica M420 microscope with a camera attachment (Leica MC 170 HD) at magnification between Â25 and Â32 (Leica systems, Germany). For comparison, PM and frass from caterpillars grown on two other Solanaceae species: S. eleagnifolium and N. tabacum, were examined using the same microscopy techniques.
(vii) Filming caterpillar -trichome interactions Neonate M. sexta feeding and movement across trichome-dense horsenettle leaves was filmed using a Canon 60D digital single lens reflex camera with a 100 mm EF L macro lens (electronic supplementary material, video S1).
(c) Statistical analyses
For the horsenettle assays, analysis of variance (ANOVA) was used to assess caterpillar bite time, and weight gain (dependent variables) with maternal family (random), breeding (fixed) and their interaction as predictor variables. Unpaired t-tests were used to analyse trichome density. ANOVAs were also used to analyse caterpillar weight gain on shaved and unshaved horsenettle leaves and on caterpillar diet with and without trichomes. Data were transformed to meet ANOVA assumptions. Caterpillar feeding initiation time and weight gain on shaved and intact leaves data were analysed using unpaired Student's t-tests. Caterpillar choice tests were analysed using x
2
. Caterpillar behaviour in no-choice assays with control and trichomeenriched diet was compared using Barnard's exact tests. Data from s.e.m. were analysed visually. Eighteen digitized images from each treatment (six per sample) were examined for the presence of trichomes on PM and frass and reported. Light microscopy data on S. eleagnifolium and N. tabacum were analysed in a similar manner. Barnard's tests were conducted with rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162323 the software R (v. 3.0); all other analyses were conducted with the software Graph Pad (La Jolla, CA, USA).
Results
(a) Caterpillars initiate feeding more rapidly and gain more weight on inbred plants with low trichome densities
As expected from our previous findings [22] figure S4 and table S2). We were unable to continue the experiment for a third day due to rapid drying of the leaves.
(c) Adding trichomes to artificial diet alters feeding behaviour and reduces weight gain
In no-choice experiments, caterpillars given an artificial diet with trichomes wandered away from their food more frequently than caterpillars fed the trichome-free control diet-a pattern we observed consistently at 1, figure 3 ).
(d) Caterpillars avoid trichomes in preference assays
When first-instar caterpillars were given a choice between artificial diet with and without trichomes, they preferentially figure 4) .
(e) Ingested trichomes and trichome pieces pass intact through the digestive tract SEM imaging of caterpillar frass revealed that stellate trichomes from inbred and outbred plants survive passage through the caterpillars' guts. Frass from plant-fed caterpillars was riddled with extruding trichome spikes that were not observed on frass from diet-fed caterpillars ( figure 5a,b) . Cross-sectional views of the pellets also revealed a high concentration of trichomes embedded inside the pellet (SEM and light microscopy; not pictured). Both intact and broken trichomes were evident in the frass.
(f ) Ingested trichomes damage the peritrophic matrix SEM imaging of caterpillar PM samples revealed major differences between horsenettle-fed and diet-fed caterpillars.
In the latter group, the PM was invariably smooth and unbroken. By contrast, PM from plant-fed larvae was consistently stretched, punctured and torn by trichome spikes in the periphery of the food bolus (figure 5c,d). Light microscopy revealed similar damage. We also examined the PM of caterpillars that ingested leaves from two other Solanaceous species, N. tabacum, which produces mainly glandular trichomes, and S. eleagnifolium, which exhibits stellate trichomes similar to those of S. carolinense. We found no evidence of PM damage in caterpillars that fed on N. tabacum (figure 5e); however, caterpillars that fed on S. eleagnifolium exhibited damage (figure 5f ) similar to that observed for those that fed on S. carolinense.
Discussion
Our microscopy studies revealed that the PM of caterpillars is severely damaged by ingestion of the non-glandular stellate trichomes of S. carolinese (as well as those of S. eleagnifolium). Furthermore, our behavioural and performance assays revealed consistent adverse effects of trichomes on caterpillar feeding performance and growth. Taken together, these results indicate that trichomes can deter herbivory via both pre-and post-ingestive effects and suggest that the reduced density of trichomes on inbred relative to outbred plants observed in this as well as previous studies [22] likely contributes to the observed decrease in plant resistance to herbivory associated with inbreeding in horsenettle [22, 23, [33] [34] [35] .
(a) Overall effects of trichomes on caterpillar performance
We manipulated trichomes on leaves both via plant breeding (taking advantage of the fact that inbred plants consistently exhibit reduced trichome density relative to outbred plants) and via the physical removal of trichomes; in each case, we found evidence that the presence and density of trichomes had adverse effects on caterpillar feeding and performance (figures 1-2). Neither of these techniques allows us to completely isolate the effects of trichomes from other defensive traits, as inbreeding has been shown to have adverse effects on a wide range of defence traits in S. carolinense [22] [23] [24] , while shaving leaves to remove trichomes inevitably causes minor damage to the epidermis that might be expected to result in the induction of chemical defences, which have previously been shown to be induced by mechanical damage in horsenettle [22, 27] . However, the confounding effects of these manipulations should work in opposite directions, as inbreeding is expected to reduce defence competence across the board [23] [24] [25] 36] , while the removal of trichomes might be expected to elicit higher levels of chemical defence.
To disentangle the effects of trichomes from other plant defence traits, we also performed experiments in which trichomes removed from leaves were added to an artificial diet. Here again we observed adverse effects of trichomes on caterpillar feeding performance and weight gain (figure 3), as well as a preference for the trichome-free diet in choice assays ( figure 4) .
In combination, these results provide compelling evidence that non-glandular trichomes adversely affect herbivore performance. Our findings are consistent with results from other plant-insect systems, which also revealed a feeding preference of caterpillars for leaf tissues without trichomes [37, 38] or with reduced trichome density [39] . For example, in Lupinus arboreus Sims (Fabaceae), caterpillars of Platyprepia virginalis (Boisduval) (Lepidoptera: Arctiidae) preferred leaves with lower trichome rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162323 densities in laboratory assays, and were found more on plants with lower trichome densities in the field [39] .
(b) Pre-ingestive effects of stellate trichomes on caterpillars
As with larvae of other lepidopteran species, M. sexta caterpillars begin feeding on leaves shortly after hatching. We filmed neonate movement during this critical stage and observed that trichomes present a formidable barrier to reaching the leaf epidermis ( figure 1 ; electronic supplementary material, video S1). In addition to suspending caterpillars above the leaf surface, trichomes damaged caterpillars and caused them to bleed haemolymph, which might conceivably also increase their conspicuity to natural enemies. Caterpillars responded to trichome jabs with violent head tilting motions, a common defence response in M. sexta that is typically observed in the context of predation [40] . Navigating the hostile landscape created by dense trichomes in order to find a suitable feeding site appears to be a difficult task for early instar caterpillars. We found that caterpillars took on average more than three times as long to initiate feeding on outbred plants than on inbred plants (with less dense trichomes; figure 1a ). Meanwhile, caterpillars invariably initiated feeding almost immediately on plants where the trichomes had been experimentally removed. This delay in initiating feeding may increase caterpillar vulnerability to abiotic stressors such as desiccation as well as predation (particularly for poorly camouflaged neonate larvae, such as those of M. sexta, which require plant-derived pigments to blend in to green leaves [11] ) and may also increase the risk of being dislodged from the plant.
In addition to acting as a barrier, trichomes may also increase time spent foraging rather than feeding. In no-choice assays with rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162323 artificial diet, caterpillars spent more time foraging (categorized as 'away' from food) and less time feeding when they have to contend with stellate trichomes. Furthermore, in choice assays, caterpillars consistently preferred the trichome-free diet to the trichome-enriched diet (figure 4). Although these results reflect an artificial feeding environment, they suggest that the presence of trichomes might increase the time that caterpillars spend searching for less well-defended feeding sites.
Taken together, these results reveal significant pre-ingestive effects on caterpillar feeding behaviour and performance that likely contribute to the overall adverse effects of trichomes on caterpillar growth that were consistently observed across our bioassays (figures 1b, 2 and 3). These findings are also consistent with previous studies that have reported adverse preingestive effects of trichomes on caterpillars via wounding, obstruction of access to the leaf surface and the elicitation of foraging rather than feeding behaviour [37, 41] .
(c) Post-ingestive effects of trichomes on caterpillars
In addition to pre-ingestive effects, we found evidence that trichomes can cause adverse effects on caterpillars following ingestion. The presence of intact trichomes and trichome pieces embedded in and protruding through the frass indicates that consumed trichomes are not digested sufficiently to render them harmless as they move through the gut in the bolus (figure 5b). Indeed, visualization of the PM via SEM and light microscopy revealed that trichomes cause severe damage to this critical membrane (figure 5d ). Compared to the intact PM (figure 5c), the PM of caterpillars that fed on trichomes had massive tears due to protruding trichomes (figure 5d; electronic supplementary material, figure S5 ). Similar damage was observed for caterpillars that had fed on another Solanaceous species, S. eleagnifolium, which also produces stellate non-glandular trichomes similar to those of S. carolinense. By contrast, no PM damage was apparent in caterpillars that had fed on the artificial diet or on N. tabacum, which produces mainly glandular trichomes. These findings suggest that the non-glandular stellate trichomes of Solanum spp. function not only as a mechanical barrier to feeding, but also play a mechanical post-ingestive defensive role by rupturing the PM of caterpillars. Moreover, it appears that the glandular trichomes of N. tabacum do not function in post-ingestive mechanical defence.
With the exception of hemipterans, all insects have a PM, and PM composition (chitins, structural and non-structural proteins) and function have been well studied, especially in lepidopteran larvae [19] . The PM facilitates digestion and nutrient absorption, protects the endothelium from mechanical abrasion by the food bolus as it moves through the midgut, plays important roles in detoxification of plant toxins and provides a barrier against pathogens and parasites [19, 20] .
A previous study reported that fall armyworm larvae compensate for PM damage caused by 1-cysteine protease, a defensive protein found in an insect-resistant line of maize, by upregulating genes involved in repairing and replacing the disrupted PM and by upregulating the expression of several families of digestive enzymes [19] . The costs associated with the increased production of proteins involved in PM repair and digestion were furthermore hypothesized to contribute to the impaired growth of larvae feeding on the resistant line [19] . Increases in the expression of PM repair genes and enzymes have also been found following damage by pathogens that disrupt the PM [20, 42] . In addition to these costs, the mechanical damage to the PM caused by the non-glandular stellate trichomes of S. carolinense is likely to be associated with inefficiencies in digestion and nutrient absorption (e.g. [20, 43] ). Unlike defence proteins that have been shown to increase PM permeability by chemical means [17, 44] , stellate trichomes open breaches in the PM mechanically (figure 5d and electronic supplementary material, figure S5) , and these large openings should further enhance invasion by pathogens and parasites. Immune responses are energetically costly and frequently associated with a reduction in development rate (e.g. [45, 46] ). Thus, immune induction could also contribute to the overall reduction caterpillar growth that we observed in this study, a possibility we are currently exploring.
The findings presented here indicate that the nonglandular trichomes of Solanum spp. serve as both pre-and post-ingestion defences against M. sexta caterpillars by limiting their performance in short-term growth studies and influencing their food preferences. It is reasonable to speculate that long-term feeding on leaves with stellate trichomes may have additional long-term effects on caterpillar survival, development and reproductive output.
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